Abstract. We examined the population dynamics of two Antarctic seabirds and the influence of environmental variability over a 40-year period by coupling the estimation of demographic parameters, based on capture-recapture data, and modeling, using Leslie matrix population models. We demonstrated that the demographic parameters showing the greatest contribution to the variance of population growth rate were adult survival for both species. Breeding success showed the same contribution as adult survival for Emperor Penguins, whereas the proportion of breeders had the next stronger contribution for Snow Petrels.
INTRODUCTION
Climate changes have already affected species physiology, phenology, abundance, and distribution, and thus the structure and composition of communities (Hughes 2000) . One of the mechanisms by which climate warming may induce changes in ecosystems is by disrupting the evolved life history strategies of key component species (Rhodes and Odum 1996) . Studying the effect of environmental fluctuations on population dynamics of sympatrically breeding species is crucial to understanding their contrasting demographic responses to climate change, and to predicting the effect of global warming at the community level.
Variability in ecosystems is probably a major constraint in the evolution of life history traits of organisms (Stearns 1992) . In marine ecosystems, interannual variability is a well-recognized phenomenon with very variable, and sometimes unpredictable, fluctuations in oceanographic parameters or cyclic patterns such the El Niño Southern Oscillation, and the North Atlantic Oscillation (Stenseth et al. 2002) . This variability is expected to affect all levels of the trophic web, especially marine top-predator populations (Aebischer et al. 1990 ).
Variations in the physical marine environment are likely to affect the availability and accessibility of resources for foraging predators, and therefore may influence how individuals allocate resources toward competing energydemanding processes such as maintenance and reproduction (Stearns 1992) . Thus, trade-offs may be affected by environmental variability, and strong oceanographic anomalies may affect the survival of predator species (Barbraud and Weimerskirch 2001a) . Although several studies have investigated the effects of environmental variability on some demograph- Ecology, Vol. 86, No. 11 PLATE 1. (Top) Adult Snow Petrel on its nest in boulders. The oldest known individual is at least 46 years old. (Bottom) Adult male and female Emperor Penguins, with chicks and adults in the background. The oldest known individual is at least 36 years old. Photo credit: C. Barbraud. ic parameters of top-predator populations (e.g., population size, breeding performances, or survival; for a review, see Croxall et al. [2002] ), few studies have simultaneously explored the influence of environmental variability on several parameters and its consequences for population size. This implies understanding how vital rates such as survival and fecundity, and their variations, affect population dynamics (Caswell 2001) , and how environmental factors affect the vital rates.
In the Southern Ocean, seabirds are long-lived, upper-trophic-level predators that integrate environmental variability over large spatial and temporal scales (Smith et al. 1999) . Sea surface temperature and sea ice extent have been shown to affect the population dynamics of seabirds through effects on demographic traits such as productivity and adult survival (e.g., Weimerskirch 2001a, Ainley 2002) . Several authors have emphasized the important role of krill in the Antarctic food web in explaining the link between sea ice and the population dynamics of top predators (Tynan 1998 , Nicol et al. 2000 , Croxall et al. 2002 , particularly seabirds (Fraser et al. 1992 , Smith et al. 1999 , Barbraud et al. 2000 , Barbraud and Weimerskirch 2001a . The proposed mechanism is an effect of sea surface temperature and sea ice anomalies on food availability. For example, reduced sea ice extent and warm sea surface temperature negatively affect the abundance of krill (Pakhomov and McQuaid 1996 , Loeb et al. 1997 , Brierley et al. 2002 and, as a consequence, the demographic parameters of krill predators. These environmental variables have contrasting effects on populations and species: a decrease in sea ice extent may have a positive impact on some species and a negative impact on others (Croxall et al. 2002) . Thus, population models are necessary to comprehend demographic responses to climatic variations within and among species.
Understanding changes in seabird populations requires knowledge of the dynamics of marine ecosystems, which are among the most complex, most difficult to study, and least understood of Earth's biomes (Croxall et al. 2002) . Studies are few, time series are short, and quantitative knowledge of the dynamics of interactions between predators, their prey, and the environment remains very limited. Nevertheless, some of the most plausible inferences of the effects of changes in ice distribution and extent on the distribution and ecology of Antarctic seabirds have come through studies of the Adélie Penguin (Pygoscelis adeliae), the Emperor Penguin (Aptenodytes forsteri), and the Snow Petrel (Pagodroma nivea) (Croxall et al. 2002) . In addition, few long-term studies at the individual level, recording the survival and reproduction of marked individuals, exist. Long-term studies that monitor several sympatric species are even scarcer. In this study, we compare sympatric Snow Petrel and Emperor Penguin populations over a 40-year period in order to evaluate the impact of the variability of the Antarctic environment on their population dynamics.
The impact of environmental variability on vital rates has already been approached by previous work on the two species, but only on some demographic parameters (Chastel et al. 1993 , Barbraud et al. 2000 , Barbraud and Weimerskirch 2001a . Here we specify the impact of sea ice and air temperature, during different seasons, on demographic parameters, especially capture probabilities and adult survival. We analyze the two data sets conjointly. In addition, we construct appropriate life history models using a state-based approach (McNamara and Houston 1996) , estimate demographic parameters for those models between 1962 and 2002 , analyze the models from a prospective and retrospective point of view (Caswell 2001) , and make comparisons among species.
METHODS

Study site and species
Both species were studied on Ile des Pétrels, Pointe Géologie Archipelago (66Њ40Ј S, 140Њ01Ј E), Terre Adélie, Antarctica (see Plate 1). Snow Petrels are cliffnesting procellariiforms that forage over Antarctic waters, prey mainly on fish, crustaceans, and squids, and breed in summer (Ridoux and Offredo 1989) . The Emperor Penguin is the only Antarctic winter breeder, and forages within the pack ice on fish, cephalopods, and Antarctic krill (Euphausia superba) (Offredo and Ridoux 1986) . Breeding population censuses were carried out every year from 1963 to 2002 for the Snow Petrel, and from 1962 to 2001 for the Emperor Penguin. For the Snow Petrel, three colonies (Damier, Hybride, and Pylone) were intensively surveyed each year. Because no significant difference between the breeding performances of pairs nesting in each of the three colonies was detected, data from the three colonies were pooled, except for the survival analysis. More details on the monitoring methodology are provided in Chastel et al. (1993) and Barbraud and Weimerskirch (2001a) .
Environmental variables
Based on previous studies (Barbraud et al. 2000, Barbraud and Weimerskirch 2001a , b), we tested for the effect of four environmental variables on demographic parameters and population size of the two species: sea ice concentration, sea ice extent, air temperature, and Southern Oscillation Index (SOI).
The sea ice concentration data begin in 1982, because data derived from satellite radiometer measurements were not available prior to the 1980s. Sea ice concentration data were averaged over the area covered by ice, excluding regions with Ͻ15% ice concentration, for a sector 120 km wide off the colonies. Data were maintained by the International Research Institute for Climate Prediction (available online).
2 The sea ice extent data (i.e., the distance from the colonies to the limit of a Ն15% ice concentration) begin in 1973, and were extracted for longitude 140Њ E from the Antarctic CRC and Australian Antarctic Division Climate Data Sets (available online).
3 Air temperature data were obtained from the Météo France station at Dumont d'Urville, situated a few hundred meters from the studied colonies. Although ocean temperature is more relevant for marine organisms than is air temperature, the latter represents a useful proxy for sea surface temperature, as it is strongly influenced by the ocean surface temperature (Pearson correlation monthly data: r ϭ 0.40, P Ͻ 0.001). Finally, we used the SOI as a proxy for the overall climate conditions because evidence of ENSO (El Niñ o Southern Oscillation) teleconnections in southern high-latitude climate has been identified (Liu et al. 2002) . SOI is available from the Climatic Research Unit (available online). 4 To study the effect of environmental variables on demographic parameters, we divided the year into four seasons reflecting the species' life histories ( Table 1 ). The winter season plays a critical role for the abundance and availability of resources during summer (Loeb et al. 1997) and affects the survival or breeding performance of Snow Petrels and Emperor Penguins (Barbraud et al. 2000, Barbraud and Weimerskirch 2001a, b) . We used the season of the year t or t ϩ 1, depending on which demographic parameter was studied and according to the biology of the species. For example, to study the effect of environmental variables on Emperor Penguin breeding success, we used the summer before the breeding season of year t, and autumn and winter during the breeding season of year t. For the number of breeding pairs and proportion of breeders of Emperor Penguins, we used the previous autumn and winter (during the calendar year t Ϫ 1) for a breeding season during year t, and the summer (during the calendar year t) before the breeding season during year t. To investigate the relationships between environmental variables and demographic parameters, we used Pearson correlation coefficients (r) after checking the normality and homoscedasticity of the data.
Estimation of the demographic parameters
We estimated breeding success for each species as the proportion of eggs that fledged a chick. The proportion of birds attempting to breed was calculated as the number of individuals breeding in the colony during a particular year divided by the number of breeders known to be alive that season. The number of breeders known to be alive during a season t was calculated, from the capture-recapture studies conducted on each species, as the number of individuals that were observed at least during one preceding season. The proportion of adults marked as chicks that bred for the first time at the colony in each age class was estimated (see Appendix A). The proportion of birds attempting to breed for the first time as 6-year-olds or older was measured from 1980 to 2001 for Snow Petrels and from 1977 to 1987 for Emperor Penguins. Most (Ͼ90%) Snow Petrels started to breed before the age of 17 years, and most Emperor Penguins before the age of 8 years (see Appendix A). Juvenile survival rate was estimated for each cohort as the proportion of chicks that survived until recruitment divided by the number of marked chicks for each year. It was measured until the year when 90% of chicks had started to breed. Therefore, survival during the first year at sea was measured from 1963 to 1984 for Snow Petrels and from 1968 to 1977 for Emperor Penguins. To estimate the survival during the first year at sea, we assume that chicks recruited at the same age (the mode of the distribution of age at first breeding at the colony; see Appendix A: Fig. A1 ). We could not estimate immature survival for either species, because in these species with a delayed sexual maturity, individuals stay at sea for several years and remain unobservable. Therefore, we estimated survival during the first year at sea from the juvenile survival (from fledging to recruitment), and assumed that the survival of immature birds after the first year at sea was similar to adult survival. We corrected the survival estimates during the first year at sea by the proportion of immigrants for the Snow Petrel, and by tag loss for Emperor Penguins.
Recent developments of multistate models permit one to account for detection rates in the estimation of juvenile survival, age-specific breeding probabilities, or transition rates from nonbreeder to skipped breeder (Spendelow et al. 2002 , Beauplet et al. 2005 . Unfortunately, we could not apply this approach to estimate the temporal variability of our demographic parameters, due to severe problems of convergence of this model and the estimability of the parameters, probably because of our data (censuses and studied species). It is also possible to consider detection probability in the population count data (Williams et al. 2001 ), but our censuses did not permit us to apply such models. However, due to a high sampling effort on breeding colonies, we could consider that detection probabilities of breeders were close to 1.
Capture-recapture modeling of survival
To estimate adult survival, we used the developments of the Cormack-Jolly-Seber (CJS) model (Lebreton et al. 1992) , which provide unbiased estimators of survival probabilities. Our data set contains capture histories referring to the members of a same pair; thus the fates of paired individuals are not independent. We therefore separately analyzed data sets for males and females. For the Snow Petrel, we removed the first capture to limit heterogeneity among individuals, and worked with a total of 630 male and 640 female individual capture histories from 1967/1968 to 2001/ 2002 . For the Emperor Penguin, we removed the first two captures to limit heterogeneity among individuals, and removed the important impact of tag loss that may have occurred during the first two years after banding. Consequently, we worked with a total of 327 male and 381 female individual capture histories from 1971 to 2002.
For penguins, tag loss may be important, and the bands may cause problems (Ainley 2002, Jackson and Wilson 2002) . Marking was stopped in 1988, when there were some doubts about the costs induced by flipper banding. Mortality of penguins with flipper bands may result from complications arising when the wings swell during molt and the band constricts blood flow (Ainley 2002) . Tag loss arises when the flipper band is slack after the molt, probably mostly after the first molt. From a survival analysis with doubly marked individuals, we estimated the importance of tag loss (see Results) and corrected the survival estimates by 1/, where is the probability of retaining the tag.
To examine the goodness of fit of the most general models, we used tests implemented in U-CARE software (Choquet et al. 2002) . We first started with the CJS model with time-dependent survival ( t ) and capture probabilities (p t ) for each sex for Emperor Penguins, and with time-dependent survival ( t ) and capture probabilities (p t ) for each sex and for each colony for the Snow Petrel. The CJS model fitted the data for females, but not for males, for the Snow Petrel (see Appendix B). For Emperor Penguins, it fitted the data poorly for both sexes. The CJS does not permit survival to differ between newly and previously marked animals, contrary to the transient model { a2*t p t }, nor does it permit capture to differ between animals captured at the previous occasion and those currently captured, contrary to the trap-dependent model { t p t*m }. Here, a2 is the age-2 class, and was used to model the transient effect; m is the trap-dependent effect. For the two species and both sexes, Test 2 explained a large part of the CJS 2 statistic, whereas Test 3 explained a smaller part of the total 2 . This indicates a ''trap-dependence'' effect on capture (Pradel 1993) . Indeed, the Test 2.CT presents a ''trap-happiness'' effect, indicating that capture probability at year t ϩ 1 was higher for individuals captured at year t than for individuals not captured at year t. The trap-dependent model correctly fitted the data for both species and both sexes. Consequently, for both sexes we numerically fitted a model { t p t*m } to account for the trap effect in Emperor Penguin capture probabilities. In addition, a strong trap-dependent effect was found for the three colonies of Snow Petrels for both sexes. We numerically fitted a model { t*c p t*m*c } in order to account for the trap effect in the capture probabilities for each colony; c is the colony effect.
To test the main effects of different factors and their interaction, we used MARK software (White and Burnham 1999) . The inferential statistic used for comparing the relative ability of each model to explain variation in the data was the Akaïke Information Criterion (AIC c ), corrected for the effective sample size (Lebreton et al. 1992) . We partitioned the variance of the survival estimates into sampling variance and process variance following Link and Nichols (1994) , and used the process variance in the retrospective analysis.
The fieldwork protocols have important implications for the interpretation of recapture probabilities. Previous studies have shown that procellariiforms can skip breeding, once recruited into the breeding population (Chastel et al. 1993 , Jenouvrier et al. 2003 , 2005a .
Because encounters occur only on breeding grounds, recapture probabilities for Snow Petrels should be low in years during which a high proportion of breeders skip reproduction. We therefore studied the impact of the number of breeding pairs and environmental covariables on capture probabilities.
We then modeled the yearly variation in adult survival as a function of environmental covariates that might be relevant to the ecology of Snow Petrels and Emperor Penguins. We also used the number of breeding pairs as a covariate to investigate the possibility of density dependence on adult survival. To assess the effects of covariates, we estimated the amount of variation in survival or capture probabilities accounted for by covariates (Gaillard et al. 1997 , Barbraud et al. 2000 . We calculated the proportion of explained variation in survival or capture probabilities accounted for by covariates,
, where DEV was the deviance for survival or capture models with covariate, constant, and time effects, respectively.
Modeling the population dynamics
For each species, we constructed a population model using a pre-breeding matrix (Caswell 2001 ) structured by age and reproductive status classes (Fig. 1) . Factors entering the model were the proportion of birds attempting to breed and their fecundity, adult survival estimated with capture-recapture methods (S a ), and, for the Snow Petrel, immigration (m). Fecundity was the average breeding success (BS) multiplied by the mean survival during the first year at sea (S 0 ). We considered that the minimum age at first breeding was six years for the Snow Petrel and three years for the Emperor Penguin, according to the observed distribution of age at first breeding (see Appendix A). Once recruited, birds reproduce every year, with the probability (S a P b ), P b being the proportion of breeders. Birds are able to skip a reproductive event with the probability (S a (1 Ϫ P b )).
A previous analysis highlighted the importance of immigration in the dynamics of a procellariiform species (Jenouvrier et al. 2003) . Therefore, we took into account the immigration rate for the Snow Petrel population. The number of immigrants was estimated from 1981 as those adults found breeding for the first time and not banded as chicks in the colony. This estimate is probably very reliable because Snow Petrels are highly philopatric once they started to breed in a colony, and all chicks from the study colonies were banded each year. The number of immigrants was correlated both with the number of local breeders and with the number of local recruits, pointing out a strong environmental influence on the reproductive decision of birds (see Appendix A: Fig. A2 ). To take into account the fact that temporal variations of immigration and breeding population are related, we considered a pro- Ecology, Vol. 86, No. 11 FIG. 1. Upper figure: Lifetime cycle graph for the Snow Petrel and Emperor Penguin populations at Dumont d'Urville, Terre Adélie, Antarctica. The probability of breeding for the first time at age i was (S a P bi ), where P bi was the proportion of birds banded as chicks that breed for the first time at i years old. We considered that the minimum age at first breeding was six years for the Snow Petrel (P b3 ϭ P b4 ϭ P b5 ϭ 0) and three years for the Emperor Penguin. Once recruited, birds reproduce every year with the probability (S a P b ), where P b is the proportion of breeders. BS is the overall breeding success. The first year, chicks survive with the probability S 0 . S a corresponds to the adult survival estimated with capture-recapture methods. For Snow Petrels, we considered a proportion of immigrants of P imm ϭ 0.05. Lower figure: Population projection matrix A is multiplied to n(t), a vector describing the state of the population at time t, to obtain the state of the population at t ϩ 1. portion of immigrants, P imm , calculated as the number of immigrants divided by the number of breeders.
The resulting model ( Fig. 1 ) was a linear, time-invariant system of differential equation: n(t ϩ 1) ϭ A n(t), where A is the population projection matrix, and n(t) is a vector describing the state of the population, whose entries n give the numbers in each class. The projection interval (from t to t ϩ 1) is one year. The elements of the matrix A are shown in Fig. 1 , and a ij is the entry in the ith row and jth column of the matrix A (Caswell 2001) .
We first focused on a matrix model with no stochasticity, which included the mean values of the demographic rates. The matrix analysis yielded the deterministic population growth rate (largest eigenvalue of A), stable age distribution (right eigenvector of A), and the sensitivities of the growth rate to variations in demographic rates ‫)ץ/ץ(‬ or matrix entries a ij ‫/ץ(‬ ‫ץ‬a ij ). The sensitivities were log-scaled (elasticities) for the matrix entry sensitivities and vital rate sensitivities. We also used arcsine-scaled sensitivities for the vital rate sensitivities because demographic parameters were bounded by 0 and 1 (Link and Doherty 2002) . In order to compare the constant deterministic model's prediction, we calculated the observed growth rate as the slope of a least squares fit of the logged number of breeding pairs vs. time.
Second, we included temporal variability in the elements of the transition matrix using a linear timevarying model: n(t ϩ 1) ϭ A t n(t). We used the adult survival rate between year t and t ϩ 1, the proportion of breeders at year t ϩ 1, the breeding success of a year t, and the chick survival rate between year t and t ϩ 1 in the projection matrix of a year t (A t ). We started with an initial vector where the number of breeding pairs and chicks were those observed, and the numbers in other classes were obtained by the stable age distribution produced by the left eigenvector compared to the initial number of breeding pairs.
Third, we conducted Life Table Response Experiments (LTRE) with random design analysis (Caswell 2001) . The aim of this analysis is to quantify the contribution of each of the vital rates or matrix entries to the variability in the growth rate . This requires both the variability of the vital rates and the sensitivity analysis of because a particular vital rate may make a small contribution, either because it does not vary much or because is not sensitive to its variation. Let V() denote the variance in among treatments (i.e., years). The first-order approximation to the variance in is
where C(ij,kl) is the covariance matrix of the matrix entries a ij and a kl . The sensitivity vectors s ij and s kl are evaluated at the mean matrix. We did not considered the covariance between matrix entries because they are due to the structure of the matrix A (Fig. 1) . Contributions to V() can also be calculated in terms of lowerlevel parameters with the parameter vector p ϭ (S 0 BS S a , P b P b6ϩ ), where P b6ϩ was the proportion of birds breeding for the first time at Ն6 years old. We could not include in the parameter vector the proportion of Emperor Penguins breeding for the first time before age 6 because we did not have enough data to estimate its temporal variation. The effects of the temporal variation of a demographic parameter on the variability of can be approximated by using a first-order Taylor expansion, V() ഠ s() 2 var(), where s() is the sensitivity of to demographic parameter . We also ignored covariation among demographic traits (see Brault and Caswell 1993) .
RESULTS
Population size, breeding parameters, and first-year survival
The number of breeding pairs of Snow Petrels showed strong year-to-year variation (Fig. 2) and increased when sea ice concentration during autumn and winter increased ( Table 2 ). The number of breeding pairs of Emperor Penguins showed a dramatic decrease between 1975 and 1982 (Fig. 2) , and was positively Notes: Demographic parameters are: N, number of breeding pairs; S 0 , survival during the first year at sea; BS, breeding success; P b , proportion of breeders; and P b6ϩ , proportion of birds attempting to breed for the first time Ն6 years of age. SOI is the Southern Oscillation Index. A lag of 1 year for the environmental variable is shown in boldface. When the number of years is Յ10, Pearson correlation coefficients are not specified.
* P Յ 0.05; ** P Յ 0.01; † P Յ 0.10.
related to sea ice concentration, sea ice extent during summer, and SOI (Table 2) . Fluctuations in the number of chicks produced followed fluctuations in the number of breeding pairs for both species (Fig. 2) . Survival during the first year at sea and breeding success showed high year-to-year variations for both species (Fig. 2) . Emperor Penguin survival during the first year at sea increased when air temperature during autumn and winter increased (Table 2) . Breeding success decreased for Snow Petrels when air temperature during spring decreased, and it decreased for Emperor Penguins when the SOI decreased ( Table 2) .
The proportion of birds alive in the breeding population during a particular year and attempting to breed was lower for Snow Petrels than for Emperor Penguins (Fig. 2) . The relative variability of the proportion of breeders was similar to that of breeding success and survival during the first year at sea for Snow Petrels, but was lower for Emperor Penguins. The proportion of breeders increased for Snow Petrels when sea ice concentration during autumn and air temperature during spring increased (Table 2) , and for Emperor Penguins when sea ice extent increased and air temperature decreased during the previous autumn ( Table 2 ). The proportion of Snow Petrels attempting to breed for the first time at Ն6 years old was also positively related to sea ice concentration during autumn (Table 2) .
Survival analysis
Modeling capture probabilities.-For both species and both sexes, the model selection procedure confirmed that there was a trap effect on capture probabilities (Table 3) . For Snow Petrels, the trap effect was additive for both sexes, and there was no colony effect on capture probabilities. For Emperor Penguins, the trap effect was additive for females but not for males. However, general trap-dependence models have severe identifiability problems, and the additive model is probably the best solution (Pradel 1993) . In addition, considering the additive model for male Emperor Penguins instead of the model with interaction did not change the model selection results. Capture probabilities were time dependent for both species and both sexes. All of the models with a covariate effect on capture probabilities had a greater AIC c than did the best model without a covariate.
Modeling survival probabilities.-Model { t p tϩm } was thus used for modeling survival probabilities (Table 3). Snow Petrel adult annual survival probabilities did not differ between colonies for either sex. For both species, model { . p tϩm } did not differ from the model { t p tϩm } (⌬AIC c Ͻ 2) for males, indicating that male adult annual survival showed little year-to-year variation (Fig. 2) . Survival of female Snow Petrels showed high year-to-year variations because the model { t p tϩm } had the lowest AIC c (Fig. 2) . For female Emperor Penguins, in contrast, the model { . p tϩm } had the lowest AIC c .
Survival estimates for males (subscript M) and females (F) from models { . p tϩm } and the process variance from best models (Table 4) There was no effect of covariates on adult survival for Snow Petrels (Table 4 ; ⌬AIC c Ͻ 2, R 2 Ͻ 10%), whereas Emperor Penguin survival was strongly affected by covariates. The survival of male Emperor Penguins was negatively related to the number of breeding pairs (⌬AIC c Ͼ 2, ϭ 22%). Air temper-2 R M ature during summer and winter, respectively, accounted for 35% and 18% for male and 21% and 15% for female Emperor Penguin yearly variation in survival (Table 4) . Adult Emperor Penguins survived better when air temperature was lower. Sea ice concentration during summer, autumn, and winter had a strong positive influence on male Emperor Penguin survival (R 2 : 27%, 72%, and 50%, respectively).
To correct Emperor Penguin survival for tag loss, we fitted a model with an age effect for a cohort of birds marked with two tags or one tag. We compared adult survival between groups of birds that were double or single marked, for two different age classes. During the first year after marking (first age class), the difference between groups indicated an important tag loss of 44.6%. For 2-5 years after marking, we estimated a mark loss of 5.8%. Because we had already suppressed the two first captures, the effect of tag loss remained low, but not negligible. We thus corrected our adult survival estimate for matrix modeling by a factor 1/, where is the probability of retaining the tag (1 Ϫ 0.058).
Matrix analyses
For the prospective analysis, we focused on the period between 1962 and 1974 to study Emperor Penguin population dynamics, i.e., when the population was stable (Fig. 2) . We used the overall period for the Snow Petrel. The population projection matrix gave an annual growth rate of ϭ 0.9999 for the Snow Petrel and ϭ 0.9978 for the Emperor Penguin. These values agree well with the observed population stability for both species over the period considered (0.9986 and 0.9990, respectively).
Prospective analysis.-For Snow Petrels, the largest elasticities were found for the transition corresponding to the immatures staying in the same ''breeding at age 6ϩ years'' state (a 55 , Table 5 ). The transitions between the breeding and nonbreeding states (a 67 and a 76 ), for nonbreeders and breeders staying in the same states (a 66 and a 77 ) were high and showed almost equal elasticity for the Snow Petrel, whereas the transition for breeders staying in the same state had by far the largest elasticity for the Emperor Penguin.
The sensitivity analysis of to changes in the lowerlevel demographic parameters showed that the growth rate is mainly sensitive to adult survival for both species at both scales (Table 6 ). Survival during the first year at sea, breeding success, the proportion of birds attempting to breed for the first time, the proportion of breeders, and the proportion of immigrants had lower elasticities.
Retrospective analyses.-The transitions between the breeder and nonbreeder state, for breeders or nonbreeders staying in the same state transition (a 67 , a 76 , a 77 , and a 66 , respectively) showed the most important variation and contribution to the variance of the growth rate (V()) for the Snow Petrel (Table 5) . Fecundity was also variable, but made no contribution to V(). Emperor Penguins showed the opposite pattern, with a strongly variable fecundity that made the most important contribution to V(), and slightly variable transitions a 67 , a 76 , a 77 , and a 66 that made a lower contribution Petrels (1968 Petrels ( -2001 and Emperor Penguins (1971 Penguins ( -2002 
Notes:
The difference between the best model selected for males (lowest Akaike Information Criterion, AIC c ) and other models is specified (⌬AIC c ). The models are sorted according to the best model for males. Therefore, a negative ⌬AIC c for females means that the model is better than the model with ⌬AIC c ϭ 0 (i.e., the better model for males). For the other column headigs, k refers to the number of parameters estimated, and DEV to the deviance of the model. Explanation of model notation: t p t is the CJS model where survival probability () and capture probability ( p) varied with time (t), t p t*m is the trap-dependent model where capture probability varied over time and differed between animals captured at the previous occasion and those not captured then; subscript c denotes the colony effect.
to V(). However, transitions a 67 and a 77 showed more variation and contribution to V() than the other transitions a 76 and a 66 . The transition of birds attempting to breed for the first time at Ն6 years old showed little variability and made no contribution to V() for either species.
Focusing on the lower-level parameters, the largest contribution came from the variability of adult survival, although adult survival varied little for both species (Table 6) . Breeding success and survival during the first year at sea were the most variable demographic parameters for both species. However, their variability made no contribution to V() for Snow Petrels. For Emperor Penguins, in contrast, the contribution of breeding success was very high (the same value as adult survival), and survival during the first year at sea was the next demographic parameter that most contributed to the variability of population growth rate. The proportion of breeders showed a more important contribution to V() for the Snow Petrel than for the Emperor Penguin (next most important contribution for Snow Petrel among the other demographic parameters). The proportion of birds attempting to breed for the first time at Ն6 years old did not vary much and made no contribution to V() for either species.
DISCUSSION
Emperor Penguins and Snow Petrels live all year long in a harsh, unpredictable environment in terms of weather, sea ice, food, and breeding site availability. These highly ice-associated species are affected by sea ice variability through an impact on food availability and/or habitat (Barbraud et al. 2000 , Barbraud et Weimerskirch 2001a . The variability of sea ice is linked to local, direct factors, such as temperature and wind, as well as to remote, indirect factors that may be related to or affected by the Southern Oscillation (White and Peterson 1996) . The impact of environmental variability on population dynamics through its effect on demographic parameters is complex, because it involves direct or indirect ecological mechanisms. In this study, we have highlighted our finding that Emperor Penguin and Snow Petrel populations show different demographic responses to climate variability, according to their demographic strategies.
The number of Snow Petrel breeding pairs varied greatly from year-to-year, whereas it showed a strong decrease during the mid 1970s for the Emperor Penguin. In Terre Adélie, the number of Southern Fulmars (Fulmarus glacialoïdes) also showed strong interannual variations and decadal fluctuations similar to those observed for the Snow Petrel (Jenouvrier et al. 2005b ). The differences in year-to-year variations in breeding numbers are related to differences in demographic strategies between petrels and penguins. Emperor Penguins are shorter lived species than Snow Petrels. In theory, long-lived species are more likely to refrain from breeding than shorter lived species during unfavorable years (Stearns 1992) . Indeed, one of the most striking feature of the Snow Petrel demography is a low breeding frequency, with birds breeding in only half of the years, on average (Chastel et al. 1993 ). Notes: Only the covariates that have a significant impact are represented (⌬AIC c Ͻ 2). R 2 refers to the proportion of explained variation in survival or capture probabilities accounted by covariates. Abbreviations of model factors are as in Table 2 . Significant slopes at P Ͻ 0.05 are indicated; negative slopes are designated ''Ϫ.'' Emperor Penguins, however, breed almost annually, but their adult survival is sensitive to unfavorable oceanographic conditions (Barbraud and Weimerskirch 2001a) .
Adult survival, a key demographic parameter for both species
As predicted by a slow-fast continuum in avian life histories for species that lay only a single egg and have deferred breeding and high adult survival rates (Saether and Bakke 2000) , the sensitivity of population growth rate to adult survival was very high, and the adult survival variability was weak for both species in our study. A decrease in the variation of a trait with increasing sensitivity may be a common pattern (Saether and Bakke 2000 , Gaillard and Yoccoz 2003 , Morris and Doak 2004 , suggesting that a reduction in the variance of sensitive traits is favored through selection. However, our results indicate that adult survival variability made the largest contribution to the variance of the population growth rates. Adult survival is thus a key demographic parameter for the population dynamics of both species, from a prospective and a retrospective point of view (Caswell 2001) .
For both species, the difference in adult survival between sexes increased during unfavorable years, indicating that the sex with higher mortality was more strongly affected. Male Snow Petrels survived better than females, whereas male Emperor Penguins survived less than females. These differences may be explained by the different investment in breeding. The Snow Petrel is one of the most sexually dimorphic species of petrels, males being much larger (nearly 8%), and heavier (20.5%) than females (Barbraud and Jouventin 1998) . A previous study (Barbraud et Chastel 1999) showed that the body condition of females, but not of males, had a significant effect on hatching success. Being structurally smaller, females have a lower fasting capacity, and the higher breeding effort of females may reduce their survival. In Emperor Penguins, TABLE 5. Elasticity of the population growth rate to changes in the matrix entries of A (Fig. 1) , variability (V) of matrix entries of A, and their contribution (Cont) to the variance of the population growth rate for two different time periods when variability of demographic parameter could be estimated (see Fig. 2 ). males are larger than females, and undertake the entire incubation in a single 60-70 day shift, during which they fast. Consequently, their survival will be much more dependent on environmental conditions during winter than that of females. Indeed, Emperor Penguin adult survival was affected by air temperature for both sexes and by sea ice concentration for males, whereas there was no effect of environmental covariates on Snow Petrel adult survival. Barbraud and Weimerskirch (2001a) have suggested that the population of Emperor Penguins has declined by 50% because of a decrease in adult survival during the late 1970s related to reduced winter sea ice extent. Our retrospective analysis confirms that the variation in adult survival makes the strongest contribution to the variability of Emperor Penguin population growth rate. During the late 1970s, a regime shift probably occurred in the Southern Indian Ocean , Jenouvrier et al. 2005b , with an important warm event affecting the marine ecosystem. The dramatic decrease in the Emperor Penguin population during this regime shift suggests that this species may be very susceptible to environmental variability, and particularly to sudden changes in the environment. Snow Petrels showed their lowest number during this period, but being able to skip reproduction, they seem to be less sensitive to major changes in their environment.
How oceanographic conditions affect two contrasting breeding strategies
The proportion of breeders was demographic parameter making the second greatest contribution to the variance of the Snow Petrel population growth rate, whereas it showed a weak contribution to the variance of the Emperor Penguin population growth rate. For Emperor Penguins, breeding success showed a similar contribution to that of adult survival, and survival during the first year at sea was the second-ranked demographic parameter in contribution to the variance of the population growth rate. Moreover, the retrospective analysis of the projection population matrix entries demonstrated that breeding abstention played a critical role in Snow Petrel population dynamics, whereas the fecundity of birds attempting to breed contributed most to the Emperor Penguin population dynamics. In fact, fecundity was the most variable matrix entry that showed the largest contribution to the variance of the Emperor Penguin population growth rate. The transition from nonbreeder to breeder state, and for breeders staying in the same state also contributed to the variance of the Emperor Penguin population growth rate, but not the transition from the breeder to nonbreeder state or nonbreeders staying in the same state. On the other hand, the lower variability of Snow Petrel fecundity made no contribution to the variance of the population growth rate. The transition between the breeder and nonbreeder state, and high elasticities for breeders and nonbreeders staying in the same state, showed the strongest variations and made the most important contributions to variance in the Snow Petrel population growth rate. These results highlight the important role of breeders and nonbreeders in the Snow Petrel population dynamics, while nonbreeders did not contribute to the Emperor Penguin population dynamics. Therefore the demographic strategy of Snow Petrels, but not Emperor Penguins, is characterized by breeding abstention.
Birds of the order Procellariiformes are very longlived organisms that should be less prone to trade their own survival for that of their offspring because any reduction in adult survival would greatly reduce lifetime reproductive success (Stearns 1992) . Weimerskirch (1999) showed the important role of body condition in allocation decisions for foraging and breeding albatrosses and petrels. Breeding abstention among long-lived species may be a response to poor feeding conditions early in the breeding season (Chastel et al. 1993) . When facing food shortage, individuals may not reach a threshold value of early body condition. Indeed, Southern Fulmars and Snow Petrels are able to skip reproduction when environmental conditions are poor (Chastel et al. 1993 , Jenouvrier et al. 2003 . Snow Petrels do not breed when severe physical conditions (snow, ice) make nest attendance and laying impossible, or when food is not available (Chastel et al. 1993) .
Our study supports these findings because the proportion of Snow Petrels attempting to breed increased with air temperature during spring. Breeding success was also positively related to air temperature during spring. Chastel et al. (1993) highlighted a negative relationship between breeding success and average snowfall during spring. Indeed, breeding failure was mostly due to incubation failure because Snow Petrels nest in crevices, which could be obstructed with snow and ice, making laying impossible. Therefore, when air temperature during spring increased, the availability of nests without ice probably increased, and more Snow Petrels attempted to breed.
We also showed that fewer Snow Petrels attempted to breed when sea ice concentration was lower in autumn preceding the breeding season. Sea ice influences the distribution and abundance of food supplies. Indeed, decreased frequency of krill recruitment associated with a decreased sea ice extent may be responsible for low population sizes of krill (Loeb et al. 1997 , Brierley et al. 2002 , and lower krill abundance is associated with areas with lower winter cover of sea ice (Nicol et al. 2000) . In years with low sea ice concentration during autumn, Snow Petrels may have difficulty in finding food, and may not reach the threshold value of early body condition necessary for breeding.
Similarly to Snow Petrels, but to a larger extent, Emperor Penguins are able to store energetic reserves (Prévost 1961) . The proportion of breeding Emperor Penguins was almost twice as high as for the Snow Petrel, and showed less contribution to the variance of the population growth rate. Nevertheless, the proportion of birds attempting to breed increased when sea ice extent increased and air temperature decreased in the previous autumn. Like Snow Petrels, in years with low sea ice extent and high air temperature during autumn, Emperor Penguins may have difficulty in finding food, and may not reach the body condition necessary for breeding.
However, is it fecundity, and especially breeding success, that contributes most to the variance of the Emperor Penguin population growth rate. Emperor Penguin breeding success decreased continually from a maximum in the early 1960s to a minimum in the mid 1990s, and this decrease probably explains why the Emperor Penguin population did not recover to the levels prior to the 50% population decrease. Emperor Penguin breeding success was positively related to the Southern Oscillation Index. In years with a negative SOI (warm sea surface temperature and lower sea ice extent), Emperor Penguins may have difficulties in finding food to rear their chicks until fledging.
The number of breeding pairs of Snow Petrels was most strongly affected by variability in adult survival and the proportion of birds attempting to breed. None of the environmental covariables examined influenced adult survival, whereas the proportion of breeders was mostly positively correlated with sea ice concentration during autumn. Therefore, sea ice concentration during autumn had the greatest effect (of the environmental variables examined) on the number of breeding pairs. For Emperor Penguins, on the other hand, the number of breeding pairs was mostly influenced by the variability in adult survival and breeding success. Adult survival of males was highly affected by sea ice concentration between autumn and summer, and survival of both sexes was negatively related to air temperature during summer. In addition, breeding success increased when the SOI increased. Thus, the number of breeding pairs of Emperor Penguins was affected by sea ice concentration and sea ice extent during autumn and the SOI.
CONCLUSIONS
Snow Petrels and Southern Fulmars, with their high and little-varying adult survival (despite a small body size) and low and highly variable breeding frequency and breeding success (Jenouvrier et al. 2003) , can be placed at the extreme end of a ''slow-fast continuum'' of avian life histories (Saether and Bakke 2000) . The important role of nonbreeders in the population dynamics of these two petrel species (Jenouvrier et al. 2005a) highlights the need to understand the effects of environmental variation on the propensity of birds to skip breeding. This extreme feature allows these species to spread their breeding attempts over a long lifetime, whereas individuals of species such as the Emperor Penguin attempt to breed more often, but have lower adult survival.
This study, and our previous study of the Southern Fulmar, show that the breeding population sizes of these three Antarctic species are positively influenced by sea ice. Sea ice has strong influences on key demographic parameters through its impact on food web processes (Loeb et al. 1997) , on the distribution and abundance of food supplies (Loeb et al. 1997 , Nicol et al. 2000 , Brierley et al. 2002 , and on the nature and extent of breeding and feeding habitats (Chastel et al. 1993 , Barbraud et Weimerskirch 2001a .
Therefore, we can predict that the population sizes of these three species probably will be negatively affected by reduced sea ice in the context of a global warming (Curran et al. 2003) . Moreover, Emperor Penguin populations are more susceptible to environmental variations than Snow Petrel and Southern Fulmar populations because petrels can avoid the important costs of reproduction by skipping reproduction during unfavorable years.
